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A large number of recent publications deal with control of the
size and shape of calcium carbonate in its calcite modification
by organic additives acting as growth modifiers or tem-
plates.[1–8] Other reports focus not only on shape control but
also on the control of the calcium carbonate modification
formed.[9–14] Only a few publications concentrate on calcite
specimens showing a habit that is more or less close to the
shape of biogenic (calcite) otoconia (see Figure 1), charac-
terized by their barrel-shaped habit with triplanar faceted
ends. These include spindle-shaped, rhombohedrally trun-
cated specimens obtained in the presence of malonic acid,[15]
the development of additional (sometimes even structured)
faces extending nearly parallel to the c-axis direction in the
presence of g-carboxyglutamate or a-aminosuccinate,[16]
malic acid together with urea,[17] glycoproteins extracted
from sea-urchin spines,[18] and nacre proteins.[19]
It is not clear at present whether the organic components
under consideration and acting as growth modifiers are
generally incorporated into the solid to form an inorganic–
organic composite material, but some indications have
already been reported with respect to incorporation of the
organic component into the calcite host (sea-urchin pro-
teins[20] as well as gelatine[21]). More recent investigations deal
with the incorporation of agarose gel fibers into porous calcite
single crystals and the resulting (moderate) changes in
morphology.[22, 23] Changes in the morphology of calcite
crystals are also observed in the presence of inorganic
additives, such as Mg2+ ions. With increasing amounts of
Mg2+ (added as MgCl2 to the solutions), the calcite crystals
show a more pronounced development of (101) faces which
combine with the typical rhombohedral faces.[24] In a more
detailed investigation[25] it was shown that incorporation of
Mg2+ into a growing calcite crystal causes strain at the
intersection of compositionally distinct growth steps, thus
leading to the emergence of pseudofacets, which finally
results in apparent elongation of the crystal. This kind of
shape elongation along [001] is similar to that produced by
some organic additives as discussed above.[15–19]
In the present work, complex calcite–gelatine composite
particles were grown by double diffusion in gelatine gel
matrices (see the Experimental Section). The composite
specimens grow close to the calcium-ion source; the develop-
ment of their complex shape is shown in Figure 2. Within five
days the morphogenesis leads from shape 1 (an arrangement
characterized by six trumpetlike branches) to various inter-
mediate states that are still dominated by six branches
(shapes 2–7). The branches grow fast and develop their
basal faces to the final state (shape 8) where they meet at
both ends, thereby forming three planar faces with straight
common edges and rounded boundaries in the direction of the
belly region. This region grows with temporal delay and
appears to be structured on a small particle scale but with a
preferred (common) orientation of subunits.
Apart from the more pronounced and rounded belly
region, the calcite–gelatine composite specimens in their final
state of development show morphological characteristics
similar to those for adult otoconia of mammals, with an
overall symmetry close to 3̄m (see Figure 1). As concerns
their size, the artificial specimens have to be classified as
“more than giant” (the mean length of biogenic otoconia is
about 10 mm,[29] but “giant” otoconia up to 80 mm in length are
also observed).[30] Samples investigated after a growth period
of five days consist of composite particles in their final state of
shape development with a size distribution between 100 mm
and 400 mm. Initial observations indicate that development of
Figure 1. Scanning electron microscopy (SEM) image of calcite otoco-
nia of guinea pig showing a barrel-shaped habit with triplanar faceted
ends.[26–28] Otoconia (“ear-dust”) are part of the so-called maculae
inside the inner ear of mammals, which act as gravity receptor organs
responding to linear accelerations.[37]
[*] Dr. Y.-X. Huang, J. Buder, Dr. R. Cardoso-Gil, Dr. Yu. Prots,
Dr. W. Carrillo-Cabrera, Dr. P. Simon, Prof. Dr. R. Kniep
Max-Planck-Institut fr Chemische Physik fester Stoffe
Nthnitzer Straße 40, 01187 Dresden (Germany)
Fax: (+ 49)351-4646-3002
E-mail: kniep@cpfs.mpg.de
[**] We gratefully acknowledge the Fonds der Chemischen Industrie for
generous support. We are also grateful to Dr. G. Auffermann and A.
Vlzke for elemental analyses, H. Dallmann (TU Dresden) for
thermal analyses, and Dr. U. Burkhardt for density measurements.
We thank Prof. H. Lichte (TU Dresden) for the possibility to perform
TEM measurements at the Triebenberg Laboratory and Dr. S. Wirth
for fruitful discussions. Finally, we thank Prof. T. Zahnert and Dr. Y.
Yarin (Universittsklinikum der TU Dresden) for the SEM images of
biogenic otoconia; coloring of the images was performed by Dipl.-
Ing. H. Tlatlik (MPI CPfS).
Communications
8280  2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 8280 –8284
the shape to the “closed otoconial habit” may, in general,
finish at a composite size of around 100 mm. This assumption,
however, needs further investigation.
As summarized in Figure 3, the calcite–gelatine composite
exhibits scattering properties representative of a single
crystal, and even the crystal structure (calcite) could be
solved by using a complete single specimen. These scattering
properties that are closely related to those of a single crystal
are particularly remarkable when taking into account the
shape development shown in Figure 2, and indicate the
formation of a mosaic-controlled nanocomposite superstruc-
ture similar to that reported for biomimetic apatite–gelatine
nanocomposites.[31–35] This kind of solid matter is also called a
“mesocrystalline” state.[36] In fact, the as-grown individual
particles represent an inorganic–organic composite contain-
ing an amount of gelatine between 1.9 (Figure 3; thermogra-
vimetric analysis (TGA)) and 2.6 wt % (chemical analysis; see
the Experimental Section). The composite nature of the
individuals is associated with a lower density (2.563 gcm3)
compared with that of a bulk calcite crystal (2.711 gcm3). As
can also be seen from Figure 3, the planar terminal faces are
indexed as “normal” rhombohedral faces (cleavage rhombo-
hedra of calcite), and initial investigation of the inner
architecture of the individuals by SEM shows the presence
of two different structures:
a more dense homogene-
ous and a more porous
structure.
This first SEM obser-
vation (Figure 3) was fol-
lowed by a more detailed
TEM investigation by
means of a thin focused-
ion-beam (FIB) cut
through the branch and
belly regions of a calcite–
gelatine composite speci-
men in an early growth
state (Figure 4). It became
clear that the branch area
is characterized by a dense
composite structure
streaked with parallel
traces about 10 nm in
thickness. In analogy to
our experience with apa-
tite–gelatine nanocompo-
site structures[31–35] and in
accordance with the
hollow tubes visible in par-
Figure 2. Shape development (sequence 1–8) of the calcite–gelatine composite. Development starts with an arrangement of six rhombohedral
branches. The growing branches take control of the morphogenesis and the belly region is filled with small but oriented calcite particles by
temporal delay. The morphogenesis is finished after about five days when the conelike, rhombohedral branches meet at both ends of the
individual specimen, thereby forming three planar faces with straight common edges and a rounded “fence” in the direction of the belly region.
Figure 3. Characterization of a completely developed calcite–gelatine composite specimen (top left; see the
Experimental Section for details). a) The composite specimen exhibits X-ray scattering properties which are
representative of a single crystal. b) The crystal structure of calcite was solved from single-crystal diffraction
data. c) The density of the composite (He gas method) is significantly lower than that of a calcite crystal;
1.9 wt % of gelatine contributes to the formation of the composite. d) The faces at both ends of the otoconia-
shaped specimen were determined as “normal” rhombohedral faces (= cleavage rhombohedra of calcite).
e) SEM images of the inner architecture of the biomimetic composite indicate a porous structure in the belly
region and a more dense structure in the branch areas.
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tially decalcified composite individuals (Figure 5), we inter-
pret these traces as corresponding to calcified microfibrils
stretching out along the main branch direction [101̄4]. The
high-resolution TEM image of the branch area shows a
perfect periodic calcite pattern. The belly region, on the other
hand, is only poorly crystalline and consists of nanodomains
in a mosaic arrangement and of pores. The overall crystallo-
graphic orientation of the belly and branch areas is identical
(see FFTs in Figure 4), an observation that fully agrees with
the scattering properties of the biomimetic otoconia (similar
to that of a single crystal).
As shown in Figure 5, the calcite–gelatine composite
individuals can be decalcified by treatment with ethylenedia-
minetetraacetate (EDTA; the gelatinous residue thereby
keeps the shape of the former composite). Such a type of
(partial) decalcification helps to give a deeper insight into the
inner architecture of the artificial specimens as well as into
the structural correlations between the inorganic and organic
components. These investigations may also give the chance to
find and isolate the central seed area that keeps the intrinsic
code for this particular kind of shape development. The SEM
images (Figure 5) were taken after partial decalcification
followed by treatment with water to remove residual amounts
of gelatine from the surface. In accordance with the TEM
investigations that indicate a more dense structure for the
branches (Figure 4), the SEM images (Figure 5) clearly show
that these regions are less soluble compared with the porous
and less-ordered belly area. It is also evident from the SEM
images that the interactions between the organic and
inorganic components of the composite take place at a high
level of structural order. The hollow tubes appearing on the
rhombohedral faces represent the positions of the former
organic fibrils extending from the center of the architecture in
the direction of the faces at both ends of the specimen (see
also Figure 4).
Relationships between the artificial calcite–gelatine com-
posite and biogenic otoconia have already been pointed out in
relation to the outer shape and symmetry of the individual
particles. But even the inner architectures of the biogenic and
artificial composite specimens are closely related: at least two
different kinds of structure are present in biogenic otoconia, a
more dense one and a more porous one.[28] It was also
reported that a higher material density seems to be present in
the direction towards the rhombohedral end-faces.[38] Further
observations revealed that (at least parts of) the biogenic
otoconial specimen behave like single crystals.[39–41] The shape
development of the artificial composite individuals (Figure 2)
and their decalcification behavior (Figure 5) clearly show that
there are three distinct growth directions for the branch areas
which are orientated to the planar faces of the specimens
(rhombohedral symmetry). The branch areas meet at the end
of shape development but do not grow perfectly into a single
one: there is still a significant boundary plane between the
branch parts.
In a very early SEM investigation, Hommerich and Kniep
observed three different regions in the fracture area close to
the triplanar faceted ends of biogenic otoconia from guinea
pig.[42] Figure 6 shows a more recent SEM image of the
fracture area close to the triplanar faceted ends of otoconia
from guinea pig, clearly revealing the presence of three
distinct regions. Bearing in mind the complex inner architec-
Figure 4. Top left: Ion-scanning image of a calcite–gelatine composite
individual at an early stage of morphogenesis (see Figure 2). The
green bar indicates the area from which the TEM lamella was cut by
the FIB technique. The cut leads through one branch oriented along
the view direction. Top right: Overview TEM image of the FIB thin cut
showing the structure of the composite consisting of two different
areas (belly and branch), which are clearly distinguished by their
different patterns of bright spots (produced by voids and/or the
organic component of the composite). The branch part (right) reveals
parallel traces about 10 nm in thickness corresponding to calcified
microfibrils stretching out along the main branch direction [101̄4]. The
belly part (left) shows a less-ordered structure consistent with the
observations (Figure 2) made during shape development. Bottom
right: The filtered high-resolution TEM image reveals that the branch
shows a perfect periodic pattern. Deduced from the fast Fourier
transform (FFT; inset), the calcite composite is viewed along [426̄1̄] .
Bottom left: The belly region is only poorly crystalline and consists of
nanodomains in a mosaic arrangement and of pores. Compared with
the branch area, the FFT of the belly region (inset) shows only a small
number of weak spots as a result of reduced crystallinity. However, the
overall crystallographic orientation of the belly and branch areas of the
biomimetic specimen is identical and leads to X-ray scattering proper-
ties of the individuals that are representative of a single crystal (see
Figure 3 and the Experimental Section).
Figure 5. SEM images of calcite–gelatine composite individuals after
partial decalcification by EDTA followed by treatment with water to
remove residual amounts of gelatine from the surface. For further
details, see text.
Communications
8282 www.angewandte.org  2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 8280 –8284
ture of such individual specimens, it is evident that a deeper
insight into their 3D structure can only be reached through
well-defined directions (with respect to the outer shape) in
which the investigations are performed. To the best of our
knowledge, no complete picture of the 3D structure and no
definite data on the chemical composition of biogenic
otoconia are available. The same is true for the morpho-
genesis of biogenic otoconia. We therefore consider the shape
development of the artificial composite as a suitable growth
model for the biogenic individual structures.
A final point is dedicated to the nature of the organic
components in both the biogenic and artificial composite
specimens. Otoconia of mammals are reported to contain
glycoproteins and glycosaminoglycans that form fibrils inside
the composite structure.[28, 39, 43] Glycoproteins and glycosami-
noglycans consist of macromolecules containing covalent
interconnections between proteins and oligo- and polysac-
charides, respectively. The artificial otoconia-shaped compo-
site, however, is grown in a pure gelatine gel matrix. Following
this knowledge on the organic components in biogenic
otoconia, we simply mixed agar with gelatine and used the
gel mixture as the diffusion matrix.[44] Interestingly, the more
bulbous belly region can be flattened and elongated, and
clearly reveals a closer relationship to the shape of otoconia of
mammals as shown in Figure 7 compared with the shape of
than human otoconia.[38] The characterization of the outer
shape of otoconia (artificial as well as biogenic) is still on a
descriptive level, as no definite rules are known concerning
aspect ratios and other quantifying criteria. This is an
interesting problem to be solved in the near future but, first
of all, a detailed knowledge of the basic growth principles on
all relevant length scales is needed.
Experimental Section
The growth of calcite–gelatine composites was carried out in U-tubes
according to the double-diffusion technique at 25 8C. The horizontal
tube (10 mm in diameter, 30 mm in length) of the diffusion cell was
filled with a pig-skin gelatine gel (300 bloom, Aldrich; gelatine
concentration: 10 wt %). Two L-shaped tubes filled with aqueous
ionic solutions, and adjusted to the physiological pH of 7.40 by
addition of tris(hydroxymethyl)methylamine/HCl, were then
attached to the central tube of gel. The ion concentrations in the L-
shaped tubes were 1) 0.133 molL1 CaCl2 and 2) 0.399 molL
1
Na2CO3 (up to 0.027 molL
1 NaF can be added as mineralizing
agent). The formation of otoconia-shaped calcite–gelatine composites
was observed close to the calcium source. The double-diffusion
experiments were run for periods between 5 and 10 days. The gelatine
plug was then pressed out of the central tube and cut into slices
corresponding to the Liesegang bands formed. To isolate the solid
aggregates the slices were washed several times with hot water and
centrifuged.
X-ray powder diffraction experiments were carried out on a
Huber image plate Guinier camera G 670; the calcite–gelatine
composite specimens in different growth states were identified as
calcite. Single-crystal X-ray diffraction of a calcite–gelatine compo-
site individual in its final morphogenetic state was performed on a
Rigaku AFC 7 four-circle diffractometer equipped with a Mercury
CCD detector (MoKa radiation, graphite monochromator, scanning
types: f and w) at 22 8C. The crystal structure was solved and refined
in the space group R3̄c (a = 498.80(4), c = 1709.6(2) pm, Z = 6, V =
368.36(6)  106 pm3; Ca: 0, 0, 0; O: 0.5903(3), 2/3, 11/12; C: 1/3, 2/3, 11/
12; R1 = 0.025, wR2 = 0.050).
TGA of the calcite–gelatine composites was performed on a
Netzsch STA 409 apparatus. The weight loss of 1.9% occurring
between 200 and 600 8C was assigned to the loss of gelatine (after
drying between room temperature and 150 8C). CO2 (42.3 wt %) from
CaCO3 was released between 650 and 850 8C; this curve exactly
follows that of pure calcite.
Chemical analyses were performed with a Vista inductively
coupled plasma–optical emission spectrometer (Varian) for Ca and a
Leco CHNS-932 analyzer for C and N. The lower content of Ca (obs.:
38.5(1)/calc.: 40.04 wt % for pure calcite) and the higher content of
total carbon (obs.: 12.46(5)/calc.: 12.00 wt % for pure calcite) are
consistent with the additional presence of the organic component
(gelatine). The N content within the composite (obs.: 0.43(1) wt %)
represents the amount of gelatine and results in about 2.6 wt%
gelatine for the composite by taking into account the fact that pure
gelatine contains 16.5(1) wt % N (experimental data). Compared with
an amount of 1.9 wt% gelatine (from TG measurements, see above),
the value of 2.6 wt % is of a similar order and thus acceptable with
respect to all errors that can be made in bulk analyses of this complex
composite system.
Face indexing of an otoconia-shaped specimen in its final state of
development was performed by using the X-shape 1.03 Crystal
Optimization for Numerical Absorption Correction procedure (Stoe
& Cie GmbH). SEM images were obtained with a FEI Quantum 200
field-emission gun (FEG) system. For microstructural investigations,
particles were embedded in epoxy resin (Struers Epofix) and cut with
an ultramicrotome. In attempt to study the inner architecture of the
biomimetic otoconia in more detail, the FIB technique (FEI Quanta
200 3 D) was used to produce thin lamellae. TEM investigations were
carried out with a Philips CM 200 FEG.
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Figure 7. Artificial calcite composite individual grown in a mixed agar–
gelatine gel matrix[44] compared with the shape of human otoconia
(inset).[38] For further details, see text.
Figure 6. Left: SEM image of guinea pig otoconia. Right: the same
image with colored fracture area. For further details, see text. (Image
taken by Y. Yarin, Dresden University of Technology.)
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